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Stress is a potent modulator of learning and memory processes. Although there have been a few attempts in the literature to ex-
plain the diversity of eﬀects (including facilitating, impairing, and lack of eﬀects) described for the impact of stress on memory
function according to single classiﬁcation criterion, they have proved insuﬃcient to explain the whole complexity of eﬀects. Here,
we review the literature in the ﬁeld of stress and memory interactions according to ﬁve selected classifying factors (source of stress,
stressor duration, stressor intensity, stressor timing with regard to memory phase, and learning type) in an attempt to develop an
integrativemodeltounderstandhowstressaﬀectsmemoryfunction.Summarizingonthoseconditionsinwhichtherewasenough
information, we conclude that high stress levels, whether intrinsic (triggered by the cognitive challenge) or extrinsic (induced by
conditions completely unrelated to the cognitive task), tend to facilitate Pavlovian conditioning (in a linear-asymptotic manner),
while being deleterious for spatial/explicit information processing (which with regard to intrinsic stress levels follows an inverted
U-shape eﬀect). Moreover, after reviewing the literature, we conclude that all selected factors are essential to develop an integrative
model that deﬁnes the outcome of stress eﬀects in memory processes. In parallel, we provide a brief review of the main neuro-
biological mechanisms proposed to account for the diﬀerent eﬀects of stress in memory function. Glucocorticoids were found
as a common mediating mechanism for both the facilitating and impairing actions of stress in diﬀerent memory processes and
phases. Among the brain regions implicated, the hippocampus, amygdala, and prefrontal cortex were highlighted as critical for the
mediation of stress eﬀects.
Copyright © 2007 C. Sandi and M. T. Pinelo-Nava. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
1. INTRODUCTION
Nowadays,thereisgreatconsensusintheliteraturethatstress
is a potent modulator of cognitive function in general, and
more precisely, of learning and memory processes McEwen
and Sapolsky [1]; de Kloet et al. [2]; Lupien and Lepage
[3]; Sandi [4, 5]; Diamond et al. [6]; Fuchs et al. [7]; Jo¨ els
et al. [8]; Shors [9]. Although stress eﬀects are frequently
regarded as deleterious to cognitive function, very intensive
work during the past decade is delineating a great complex-
ity, both in the nature of interactions between stress and
memory functions and in their outcome. In addition to the
overemphasized negative side of stress on brain and behav-
ior, there are many instances in which neural function and
cognition are either facilitated by stress (de Kloet et al. [2];
Jo¨ els et al. [8]), or even not aﬀected (Warren et al. [10];
Beylin and Shors [11]).
There have been several successful attempts to make
sense of the confusion in the literature. By focusing on spe-
ciﬁc explanatory factors, diﬀerent authors have successfully
provided integrative and clarifying views of the impact of
stress on memory function. For example, a great deal of the
variability can be explained by the “intensity” of the stres-
sor, either if the dosage reﬂects its physical characteristics
(Cordero et al. [12]) or internal hormonal reactions (Baldi
and Bucherelli [13]; Conrad [14]; Jo¨ els [15]). The most gen-
eral view is that stress—or stress hormones—levels induce
inverted U-shaped dose eﬀects in learning, memory, and
plasticity(BaldiandBucherelli[13];Conrad[14];Jo¨ els[15]),
although linear eﬀects have also been proposed (Diamond2 Neural Plasticity
[16]). A second important factor that has been emphasized
is stress “duration,” with distinct eﬀects frequently induced
by single versus repetitive—or chronic- stress—or stress hor-
mones activation-, and not only at the cognitive level, but
also when evaluating brain structure and function (Sandi
and Loscertales [17]; Pinnock and Herbert [18]; Pecoraro
et al. [19]; Jo¨ els et al. [8]). A third important factor that has
been particularly highlighted by Roozendaal [20, 21]a sr e l -
evant in this context is the memory phase at which stress
acts. After reviewing the literature, Roozendaal [20, 21]h a s
proposed opposing eﬀects for stress—and stress hormones
activation—during the phases of consolidation (generally fa-
cilitating)andretrieval (generallyimpairing) of information.
A fourth factor that should be mentioned is psychological
factors, notably stressor controllability and predictability that
are well known to be key mediators of the psychophysio-
logical impact of stress (Mineka and Hendersen [22]; Das
et al. [23]). Convergent evidence indicates that experiencing
uncontrollable—asopposed tocontrollable—stresshasdele-
terious eﬀects on further information processing (Maier and
Watkins [24]). A ﬁfth factor that seems to count for the out-
come of stress in memory function is the importance of tak-
ing into account the existence of individual diﬀerences when
trying to make sense of the literature on stress and mem-
ory, with gender appearing as a very highly important mod-
ulator of such interactions (Luine [25]; Bowman et al. [26];
Shors [27]). Finally, a sixth factor that has been identiﬁed
as certainly relevant to understand how stress aﬀects cog-
nition is the relevance of the context in which stress—or
stress hormones activation—is experienced, that is, whether
stress is, or is not, contingent to the particular informa-
tion processing under study (Sandi [28]; de Kloet et al. [2];
Jo¨ els et al. [8]).
Despite the usefulness of the above-mentioned factors,
a systematic view that integrates all the complexity (or at
least much of it) of the apparently discrepant actions of
stress in cognition is still lacking. Although not so ambi-
tious as to try to develop a comprehensive model includ-
ing all the factors highlighted above, our goal here is to
come up with an integrative model that incorporates sev-
eral of them along with new proposed factors. More specif-
ically, our goal is to organize the literature among those se-
lected factors to eventually provide integrative answers to the
question: “what does it count for the outcome of stress in-
teraction with memory function”? Finally, we will evaluate
whether such integrative eﬀort helps understanding better
stress eﬀects on memory function than other more reduc-
tionistic approaches already available in the literature. We
should also state that the goal of this review is to discuss
studies from the literature that help illustrating the medi-
ating inﬂuence of the selected factors (see above) to under-
stand the nature of stress actions on memory function. By
no means, we attempt to include here an exhaustive account
of a large number of studies that have proliferated in re-
cent years. In addition, each subsection includes a brief ac-
count of the main neurobiological mechanisms proposed to
account for the diﬀerent eﬀects of stress in memory func-
tion.
2. FACTORS SELECTED TO ANALYZE STRESS AND
MEMORY INTERACTIONS
We should emphasize that the revision and potential ﬁnal
model will account for the impact of stress in adult male ro-
dents according to the following factors.
(1) Source of stress: we will introduce a new factor, the
source of stress, and emphasize its utility to understand the
diversity of stress and memory interactions. It makes refer-
ence to the origin of stress with regard to the cognitive task.
In a way, it is related to the above-mentioned factor contin-
gency to the contex (de Kloet et al. [2]; Jo¨ els et al. [8]), but
it includes a more explicit nomenclature that hopefully will
help clarifying the concept. More precisely, this factor clas-
siﬁes stress as either intrinsic (if stress is originated by ele-
ments related to the cognitive task) or extrinsic (if stress is
originated by conditions completely unrelated to the cogni-
tivetask,i.e.,intheoutsideworld,andideallyoccurringtem-
porally dissociated from such task, i.e., either before or after-
wards).
(2) Stressor duration: this factor makes reference to the
length of stress. The diﬀerential eﬀects of acute versus chronic
(with some subchronic versions) stress have concentrated
great interest in the ﬁeld. In addition to the relevance to cog-
nitive function, this factor is essential when evaluating the
neural mechanisms whereby stress aﬀects cognition.
(3) Stressor intensity: stressors can vary throughout a
very wide range of intensities. Even though oversimpliﬁca-
tions can have the drawback of being too superﬁcial, for
the sake of clarity, we will just use the categories of low,
medium, high (and occasionally very high) intensities. Not
surprisingly, very high (e.g., a clear life threat, such as a be-
ing in a combat) and mild (e.g., novelty exposure) stressors
seem to have distinct eﬀects on cognitive function (Cordero
et al.[12];Jo¨ elset al.[8]).Importantly,sinceconspeciﬁcsfre-
quently show marked individual diﬀerences in stress reac-
tivity (M´ arquez et al. [29]), measuring individual behavioral
and physiological responses to a particular stressor would be
the ideal approach when trying to determine the actual stress
magnitude experienced by each experimental subject. When
such approach is not possible, it is important to be system-
atic in the gradation of the amount of stressor applied to the
diﬀerent animals, ideally including at least three diﬀerent in-
tensities.
(4) Stressor timing with regard to memory phase: this
factor makes reference to the time when stress is experienced
with regard to a particular memory phase. Memory phase
stands for the type of the information process that is linked
to stress. Generally, three phases are distinguished: acqui-
sition (the learning process), consolidation (memory stor-
age), and retrieval (access to stored information) of infor-
mation (see Figure 1). As noted above, stress and stress me-
diators appear to exert opposing eﬀects in consolidation and
retrieval(Roozendaal[20,21];butseedeKloetet al.[2];Jo¨ els
et al. [8]).
(5) Learning type: an additional key factor is the
type of the learning process that is evaluated (i.e., im-
plicit/nondeclarative learning, explicit/declarative learning,C. Sandi and M. T. Pinelo-Nava 3
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Figure 1: Diagram depicting the relevance of specifying timing of
stress with regards to diﬀerent memory phases. If stress (1) is given
before learning (acquisition of information), it can potentially af-
fect all cognitive phases involved in memory function; that is, ac-
quisition, consolidation, and/or retrieval. However, if acquisition is
already aﬀected, that would be the main conclusion to extract from
the particular experiment. If stress (2) is experienced after learn-
ing, any eﬀect observed in retention could now be due to an impact
of stress on either consolidation or retrieval, but any eﬀects on ac-
quisition can be discarded. However, eﬀective treatments given at
this time point normally disrupt the process of memory storage, in-
steadofretrieval,whichcanbefurthertestedbygiventhetreatment
at later time points (at a diﬀerent—or outside the—consolidation
phase) and assess whether recall is then also aﬀected. If stress (3) is
delivered before the recall test, it should just normally aﬀect the re-
trieval processes. However, a note of caution should be mentioned
depending on how close the retention test is applied with regards
to training, since consolidation mechanisms are increasingly rec-
ognized to last longer than previously hypothesized and, therefore,
this type of manipulation could inﬂuence both consolidation and
retrieval processes. Research on this ﬁeld should take into account
this complexity and apply the necessary controls to ascertain which
phase and mechanisms of the information processing is aﬀected by
the stress procedure under study.
nonassociative learning, etc.). Although there are diﬀerent
typologies of memory involving a variety of subtypes (Nel-
son et al. [30]; Squire and Zola [31]; Verfaellie and Keane
[32]; Eichenbaum [33]; Moscovitch et al. [34]), this review
will focus on a main dichotomy between a type of implicit
memory processes, Pavlovian conditioning, and spatial types
of learning (when reviewing the animal literature) as models
for explicit memory processes.
Even though we will occasionally mention relevant stud-
ies in other species (notably, in humans), this is a review
about the rodent literature. Importantly, we will not include
as analytic factors two of the probably most important ones
among the large list proposed above: (i) psychological fac-
tors,likecontrollabilityandpredictability;(ii)individualdif-
ferencesinthevulnerabilityandresponsetostress.Whenever
the eﬀect of stress “from outside the context” is applied, we
reviewstudiesthatapplied“uncontrollable”stressorsandde-
liberately excluded the few studies that examined the role of
“controllable” ones. Concerning the issue of individual dif-
ferences, we concentrate on the studies performed in adult
(but not old) male rodents. We have decided not to tackle
heretheroleofgender,sincetherearestillnotenoughstudies
performedinfemalerodentsforeachofthefactorconditions
included in the study. Moreover, we should clarify that we
will not deal here with studies in which the impact of stress
was evaluated from a developmental point of view, such as
for example how pre- or postnatal stress aﬀects cognition in
adulthood. Typically, the type of stress whose eﬀects we will
examine is stress closely associated with the cognitive chal-
lengeunderstudy/discussion,andthereforenormallyexperi-
enced from a few minutes to normally 1-2 days either before
or after a particular memory phase.
We have selected the factor “source of stress” as the guid-
ing line to structure this review. We hypothesize that intrin-
sic stress facilitates learning and memory processes, whereas
“extrinsic” stress will normally have the opposite impair-
ing eﬀects. Although diﬀering in some ways, this hypothesis
shares some commonalities with the proposal formulated by
Jo¨ els et al. [8] stating (page 154):
“...that stress will only facilitate learning and
memory processes: (i) when stress is experienced
in the context and around the time of the event
that needs to be remembered, and (ii) when the
hormone and transmitters released in response to
stress exert their actions on the same circuits as
those activated by the situation, that is, when con-
vergenceintimeandspacetakesplace...”
In the following pages, relevant studies from the literature
will be ﬁrst classiﬁed depending on whether the source of
stress is intrinsic or extrinsic to the memory task, and then
will be analyzed according to each of the other four factors
selected for the analysis (stressor duration, stressor intensity,
timing with regard to memory phase, and learning type).
3. THE IMPACT OF ACUTE INTRINSIC STRESS ON
MEMORY FUNCTION
As stated above, intrinsic stress makes reference to those sit-
uations in which stress is either elicited by, or directly associ-
ated with, the cognitive experience. Let us ﬁrst consider how
thefactorshighlighted aboveaccountforintrinsic stresscon-
ditionsinordertodeﬁnethewholeextentofsettingsthatwill
be discussed here.
(a) Stressor duration: although intrinsic stress (or stress
linked to a cognitive experience) can be experienced
both acutely and chronically, to our knowledge, no
study to date has systematically studied how chronic
activation of stress systems during learning expe-
riences contributes to the diﬀerent phases involved
in memory processes (from learning acquisition to
memory consolidation, relearning, reconsolidation,
retrieval of information, etc.). Therefore, the evalu-
ation resulting from this review for intrinsic stress
will only account for acute (not chronic) situations in
which a memory is formed from a stressful learning
experience.
(b) Stressor intensity: whenever possible, we will consider
thewholerangeofstressintensities:low,medium,high,
and occasionally very high.
(c) Stressortimingwithregardtomemoryphase:asnoted
above,tobeconsideredwithinthecategoryofintrinsic4 Neural Plasticity
stress, stress should be linked to a particular cogni-
tive challenge. This could be either a learning chal-
lenge or a retrieval challenge. Although several studies
have focused on the role of intrinsic stress linked
to the learning phase, to our knowledge, no study
has systematically studied how stress elicited by the
retrieval experience accounts for the eﬀectiveness of
the retrieval process. Therefore, the evaluation result-
ing from this review for intrinsic stress will only ac-
count for learning (not retrieval) processes. Impor-
tantly, stressful learning experiences might aﬀect po-
tentially the acquisition and/or consolidation of in-
formation. We will examine separately both memory
phases.
(d) Learningtype:asmentionedabove,thisreviewfocuses
in Pavlovian conditioning (as representative of implicit
learning) and spatial learning (as representative of ex-
plicit learning). Since there are examples in the lit-
erature for both learning types, the discussion here
will include and compare the impact of intrinsic stress
upon both learning types.
Summarizing, in this subsection, we will evaluate how stress
(in a dose-response fashion) triggered by a learning chal-
lenge (therefore, an acute condition) aﬀects memory (both
implicit and explicit types of memory) function.
Emotionallyarousingexperiencesarebetterremembered
than more neutral ones (Cahill and McGaugh [35]; Sandi
[28]; McGaugh [36]). The emotional reaction can range
from a mild activation to a strong stress response, and there-
fore, stress can be regarded as a critical component within
the framework of the emotional modulation of memory.
The evolutionary advantage of ensuring the future recall-
ing of speciﬁc aversive stimuli and/or the successful strate-
gies developed once by the individual to cope with such
aversive stimuli is clear. The rapid identiﬁcation of already
experienced dangers, as well as the ability to enhance the
speed and accuracy of behavioral reactions to threats, pro-
vides the individual with better survival possibilities if faced
with similar dangerous circumstances in the future. Pre-
dictably, this will, in turn, revert on enhanced reproductive
success.
Classically, research attempts addressed to characterize
the facilitating eﬀects of stressful learning on memory func-
tion have emphasized the role of stress-induced mecha-
nisms on the consolidation of the information acquired dur-
ing such stressful event (Roozendaal [20, 21] ) .H o w e v e r ,e n -
hanced memories resulting from stressful learning situations
can also be due, on a ﬁrst instance, to an eﬀect of stress on
the acquisition of information. This can be achieved by al-
tering a variety of psychobiological functions (such as at-
tention, motivation, sensory processing and integration, and
motor function) that are known to be both sensitive to stress
and able to modulate learning processes. Although these lat-
ter processes have been less explored in research programs,
we will review here the contribution of stress to the spec-
trum of information encoding including both the storage—
consolidation—and acquisition of information.
3.1. Effectsofintrinsicstressontheconsolidation
ofinformation
The eﬀects of arousing or stressful experiences on mem-
ory consolidation—as well as the potential mediating
mechanisms—have received much attention over the past
decades (Sandi [28], Roozendaal [20, 21]; Conrad [14]; Mc-
Gaugh and Roozendaal [37]; Richter-Levin and Akirav [38];
McGaugh [36]; de Kloet et al. [2]; Jo¨ els et al. [8]).
Diﬀerent approaches have been successfully undertaken
to assess whether the degree of stress experienced during
learning might be related to the strength of the memory
that is formed. One of those approaches (reviewed below)
is based on the manipulation of the intensity of the stres-
sor used as the unconditioned stimulus (US) in a particular
task,tosubsequentlyevaluatewhetheranycorrelationcanbe
observed between posttraining levels of stress hormones and
the degree of memory displayed by the animals.
3.1.1. Pavlovianconditioning
Typical examples of this type of studies are those involv-
ing diﬀerent shock intensities in fear conditioning tasks. Ex-
periments performed in rats with the contextual fear condi-
tioning task, involving groups that received diﬀerent shock
intensities (0.2, 0.4, and 1mA), observed a direct relation-
ship between the stressor intensity experienced at training
and the level of freezing displayed by animals at the test-
ing session (Cordero et al. [12, 39]; Merino et al. [40]). Sim-
ilar shock-dependent eﬀects on auditory fear conditioning
have also been described for mice (Laxmi et al. [41]; Anag-
nostaras et al. [42]). Therefore, these data support the ex-
istence of a linear relationship between stressor intensity
and the strength of fear conditioning memory formed (see
Figure 2(a)). Although diﬃcult to study for obvious ethical
reasons restricting the magnitude of stress that can be deliv-
ered to animals, one would expect that the dose-dependent
linear relationship would achieve an asymptotic, or ceil-
ing eﬀect, after certain stressor intensity is achieved (see
Figure 2(a)). To our knowledge, no study has found evidence
for impaired memory consolidation for fear conditioning at
very high stress conditions. If we consider the normal range
of experiences to which experimental animals are submitted
in the laboratories worldwide, a stressor intensity-dependent
linear relationship seems to account for the eﬀects of stress
in the formation of fear memories (Rau et al. [43]).
Conclusion
A linear relationship is proposed for the impact of diﬀerent
stress intensities on the consolidation of fear conditioning,
with an asymptotic wave form for high-to-very-high stress
intensities (Figure 2).
Neurobiologicalmechanisms
Interestingly, posttraining corticosterone levels showed a
positive correlation with the strength at which fear condi-
tioning is established into a long-term memory (CorderoC. Sandi and M. T. Pinelo-Nava 5
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Figure 2: Impact of “intrinsic” stress on memory consolidation. Figures representing the linear (a) and linear-asymptotic (b) relationship
between stress intensity (either deﬁned by the stressor or by the physiological response indexed by the glucocorticoid corticosterone) ex-
perienced during the consolidation period (provided learning has taken place during the previous learning phase) and the strength of the
memory formed.
et al. [12, 39]; Merino et al. [40]) (see Figure 2(a)). A causal
role for a central action of corticosterone through gluco-
corticoid receptors has been supported by two complemen-
tary types of studies. First, posttraining administration of
corticosterone (either peripherally or centrally) facilitates
memory consolidation for both contextual (Pugh et al. [44];
Cordero and Sandi [45]; Revest et al. [46]) and auditory
fear conditioning—an eﬀect that was dose-dependent and
speciﬁc for the conditioned tone (Hui et al. [47]). Second,
inhibition of either training-induced corticosterone release
(Cordero et al. [39]; Fleshner et al. [48]) or central antag-
onism of the glucocorticoid, but not mineralocorticoid, re-
ceptors (Cordero and Sandi [45]) inhibited the strength of
the fear memory formed. Microinfusion of a glucocorticoid
receptor antagonist in the basolateral nucleus of the amyg-
dala (BLA) and ventral hippocampus was also found to in-
terfere with long-term memory of contextual fear (Donley
et al. [49]).
Recent evidence (Revest et al. [46]) has implicated the
MAPK pathway within the hippocampus in the increase in
contextualfearconditioninginducedbyglucocorticoids.An-
other research line has implicated the neural cell adhesion
molecule (NCAM) in the stressor intensity-dependent ef-
fects on fear memory formation (Merino et al. [40]). More-
over, the enhancing eﬀect of corticosterone on memory con-
solidation of auditory-cue fear conditioning requires post-
training noradrenergic activity within the BLA (Roozendaal
et al. [50]) and is associated with increased expression of
CRH mRNA in the amygdala (Thompson et al. [51]).
3.1.2. Spatiallearning
In the spatial learning water-maze task, a similar dose-
dependent phenomenon for stress regulation of memory
consolidation has been described. In this case, stress inten-
sity was varied by manipulating the temperature of the pool
water during the acquisition phase (Sandi et al. [52]). Rats
learning the task at a water temperature of 19◦C showed a
greater retention of the platform location on the second day
of training than rats trained at 25◦C. Again, a relationship
was found between the strength of memory and corticos-
terone levels displayed by rats after the ﬁrst training session,
with rats trained on the experimental conditions that led to
a stronger and longer-lasting memory (i.e., at 19◦C) showing
the highest circulating hormone levels. These hormonal data
indicated that training at 19◦C is more stressful than train-
ing at 25◦C. Moreover, performance of rats trained at 25◦C,
but not at 19◦C, was improved by peripheral injections of
corticosterone given immediately after each training session.
Therefore,these results furthersupport the existence of a lin-
earfacilitatingeﬀectofstressonmemoryconsolidation,with
increasing glucocorticoid levels during the posttraining pe-
riod reinforcing the strength of memory up to an asymptotic
or ceiling eﬀect (Figure 3.1.1).
Conclusion
A linear asymptotic relationship is also proposed for the im-
pactofdiﬀerentstressintensitiesontheconsolidationofspa-
tial learning, with ceiling performance already achieved for
high stressor intensities (Figure 2).
Neurobiologicalmechanisms
Several examples in the literature support a wider range for
the dose-response relationship between glucocorticoid lev-
els and consolidation of spatial learning. Detrimental eﬀects
of low glucocorticoid levels in learning and plasticity pro-
cesses have been largely documented in diﬀerent tasks. For6 Neural Plasticity
example, either metyrapone (an inhibitor of glucocorticoid
synthesis and release) administration or adrenalectomy-
inhibited special memory in a variety of mazes, including the
water maze (Oitzl and de Kloet [53]; Roozendaal et al. [54]),
radial arm maze (Vaher et al. [55]), and Y-maze (Conrad
et al. [56]). In addition, blocking the activation of gluco-
corticoid receptors with the GR antagonist RU-38486 im-
paired spatial memory in the water maze (Oitzl and de
Kloet [53]; Roozendaal and McGaugh [57]). Interestingly,
similar results have also been obtained in humans; with
metyrapone administration enhancing the rate of forget-
ting on a declarative memory task (Lupien et al. [58]). Glu-
cocorticoid receptors can aﬀect transcription both through
DNA binding-dependent and independent mechanisms. Us-
ing male mutant mice in which homodimerization and DNA
binding of the glucocorticoid receptor is largely prevented
(GR(dim/dim)) while protein-protein interactions still can
take place (Oitzl et al. [59]), the facilitating eﬀects of corti-
costeroneonspatialmemorywereshowntodependonDNA
binding of the glucocorticoid receptor.
Interestingly, the activation of ERK2 in the hippocam-
pus and the amygdala diﬀers in animals trained at 19◦Ca n d
25◦C.InthedorsalCA1,traininginducedanincreasedphos-
phorylation of ERK2 only in animals that had learned the
task (irrespective of the level of stress). In contrast, in the
amygdala, activation of ERK2 was found only in animals that
learned the task well under high levels of stress (19◦C) (Aki-
rav et al. [60]).
Adrenergic mechanisms have also been implicated in
the consolidation of spatial memories. Water-maze learning
also triggers the release of adrenergic (adrenaline and nora-
drenaline) hormones. Mabry et al. [61] showed that plasma
adrenaline and noradrenaline levels in young adult rats sub-
mitted to water swimming are correlated with water temper-
ature, with 20◦C inducing higher glucocorticoid hormonal
levels than 25◦C. Interestingly, good and bad learners in
the water maze at 25◦C have been suggested to diﬀer in
their task-induced endogenous activation of adrenergic hor-
mone release (Cahill et al. [62]), since posttraining adminis-
tration of the beta-adrenergic antagonist propranolol specif-
ically impaired the good retention levels showed 24 hours
after training by “good learners,” without aﬀecting perfor-
mance in “poor learners.” These ﬁndings were interpreted
as the possible involvement of posttraining adrenergic acti-
vation in modulating memory consolidation processes after
emotionallystressfulevents.Interestingly,directinjectionsof
propranolol into the BLA cause retrograde amnesia in the
same water-maze task (Hatﬁeld and McGaugh [63]). Sev-
eral ﬁndings in humans have provided support for the hy-
pothesis that enhanced memory for emotionally arousing
events depends critically on posttraining adrenergic mod-
ulation (Cahill et al. [64]; Southwick et al. [65]). The fact
that the degree of activation of the noradrenergic system
following training predicts retention performance supports
the view that the noradrenergic system within the amygdala
plays a central role in memory consolidation. In fact, this
phenomenon is circumscribed within more general evidence
that the modulation of long-term storage of an emotion-
ally arousing event involves an important activation of the
noradrenergic system within the amygdala (McGaugh [36]).
Moreover,thedopaminergicsystemintheBLAhasbeensug-
gested to be critically involved in memory modulation in-
ducedbythenoradrenergicsystem(LalumiereandMcGaugh
[66]).
3.2. Effectsofintrinsicstressontheacquisition
ofinformation
Although the facilitating role of stress on consolidation has
been emphasized for many years, less attention has been paid
totheeﬀectsofintrinsic stressonacquisitionofinformation.
Oneofthemainreasonsforthisreducedattentionisthevari-
ability in the length and characteristics of learning protocols,
some including one-trial training procedures and others in-
volvingmultiplelearningtrialsandevensessions.Suchdiver-
sity makes it diﬃcult to reach conclusions as to whether it is
the acquisition of information that is aﬀected by prior stress,
working memory processes, or other types of mechanisms.
Anyhow, more recent work raises the possibility that stress
eﬀects on acquisition might also underlie the potentation of
long-term memory observed when learning under stress.
3.2.1. Pavlovianconditioning
Such possibility is quite clear for fear conditioning. When
we talk of a linear relationship between shock intensity
and long-term memory, we cannot neglect the fact that
such linear relationship already exists during the condition-
ing phase between shock intensity and behavioral reactivity
(Figure 3(a)).Highshockintensitiesaretypicallyfollowedby
higherfreezingresponsesthanthosedisplayedtolowershock
intensities (Cordero et al. [12]; Merino et al. [40]; Laxmi
et al. [41]).
However, and although in many occasions mechanisms
operating during acquisition will already be key for the
strength of the long-term memory formed, we cannot dis-
regard the existence of an acquisition-independent dose-
dependent eﬀect for stress and consolidation. The fact that
some of the treatments addressed to interfere with the cog-
nitive actions of stress systems (such as, e.g., glucocorticoid
administration, or interference experiments based on either
corticosterone synthesis inhibition (Cordero et al. [39]) or
antagonism of glucocorticoid receptors (Cordero and Sandi
[45])) did not aﬀect with the after-shock freezing response
but did impair long-term memory reinforces the view that
those physiological stress systems show a dose-dependent ef-
fectonmemoryconsolidation.Thepossibilitythatinitialen-
coding is also aﬀected for such treatments should be more
systematically addressed, and would require, for example,
ﬁne behavioral analyses during the conditioning processes as
well as testing animals in the task at very short time intervals
after conditioning.
Conclusion
A linear asymptotic relationship is observed for the impact
of diﬀerent stressor intensities in performance during the ac-
quisition of fear conditioning (Figure 3(a)).C. Sandi and M. T. Pinelo-Nava 7
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Figure 3: Impact of “intrinsic” stress on learning acquisition. Figures representing the linear-asymptotic—typical for fear conditioning—
(a) and inverted U-shape—typical for spatial learning—(b) relationships between stress intensity (either deﬁned by the stressor or by the
physiological response indexed by the glucocorticoid corticosterone) experienced during the learning period and the degree of learning and
memory acquired.
3.2.2. Spatiallearning
Theexamplegivenaboveforwater-mazetraining atdiﬀerent
water temperatures (Sandi et al. [52]) was a spaced learning
protocol extended over a few consecutive days. It presented
the advantage that by just giving a few training trials per
day, groups of animals trained at either 19◦Co r2 5 ◦Cw a t e r
temperature did not diﬀer in their performance on the ﬁrst
training session. However, clear diﬀerences were observed in
their retention levels from the second training day on, with
rats trained at 19◦C showing better performance than ani-
mals that had been trained at 25◦C. This eﬀect was already
on the ﬁrst trial of the second training day; indicative of dif-
ferences in the strength of memory raised during the consol-
idation period. The same eﬀect was observed in animals that
h a db e e nt r a i n e da t2 5 ◦C followed by an injection of corti-
costerone. Altogether, those results reinforced the view of a
facilitatingactionofstressandglucocorticoids(andnotealso
that evidence is discussed above for adrenergic mechanisms)
on consolidation mechanisms.
However, in spatial learning tasks, there are a few doc-
umented cases in which learning under diﬀerent stress lev-
els can have an immediate impact on the rate of learning.
By using a modiﬁed version of the Morris water maze task
that consists in a massed training protocol (1 hour of train-
ingin1day)thatgenerateslong-termspatiallearning,Akirav
et al. [60] showed that rats trained at 19◦Ca n d2 5 ◦Ca l r e a d y
diﬀer in their acquisition rate during the training session.
Rats trained at 19◦C displayed shorter latencies to ﬁnd the
hidden platform than rats trained at 25◦C. Interestingly, ani-
mals trained at 25◦C could be split into two groups, one that
p e r f o r m e da sw e l la st h e1 9 ◦C trained animals and another
that performed poorly (i.e., showed longer latency to reach
the hidden platform in the water maze), with diﬀerences in
performance at 25◦C apparently being related to the anxiety
trait of animals (Herrero et al. [67]).
Interestingly, Akirav et al. [60] also reported that diﬀer-
ences in animals’ learning curves correlated with corticos-
terone levels, with higher hormone levels observed in rats
trained at 19◦C. In a subsequent study, Akirav et al. [68]
explored the role of glucocorticoids on learning and mem-
ory processes in the same training paradigm. Rats injected
with the corticosterone synthesis inhibitor metyrapone (50
or 75mg/kg, but not 25mg/kg) showed an impaired learn-
ing rate at 19◦C, as well as impaired spatial memory. Con-
versely, rats injected with corticosterone (10mg/kg, but
not 25mg/kg) at 25◦C showed both a better learning rate
and better subsequent retention. Therefore, these data also
stronglyimplicatecorticosteroneinthelevelofacquisitionof
spatiallearning.Theyalsoindicatethatthereisaceilingeﬀect
for the facilitating actions of corticosterone during acquisi-
tion of spatial information, since the dose of 10mg/kg facili-
tated learning, whereas the higher dose of 25mg/kg did not.
This ﬁnding should be considered cautiously, since the dose
of 25mg/kg might, in fact, induce more pharmacological
than physiological levels of the steroid, but it could also sug-
gest the existence of biphasic eﬀects of stress and glucocorti-
coids in learning acquisition. However, we should also note
t h a tr a t st r a i n e da t2 5 ◦C that showed a poor performance
showed signiﬁcantly enlarged corticosterone responses (Aki-
rav et al. [60]). These results, together with the higher corti-
costerone levels displayed by poor performers trained 19◦C8 Neural Plasticity
(see above), further suggest the existence of an inverted U-
shaped relationship between corticosterone levels and per-
formance at training (Figure 3(b)).
Suchpossibility (theexistenceofaninvertedU-shapebe-
tween stress levels and learning acquisition for spatial tasks)
is reinforced by a previous study (Selden et al. [69]) that
showed impaired spatial learning in animals trained at 12◦C,
ahighlystressfulconditionfortheanimals.Suchimpairment
was prevented by noradrenaline depletion in the dorsal no-
radrenergic bundle (ceruleocortical pathway), which only af-
fectedperformanceundersuchstressfulcondition,butnotin
animals trained at a higher temperature (26◦C).
Conclusions
The reviewed data on spatial learning supports the view that
the eﬀectiveness of acquisition throughout a continuum of
stress and/or corticosterone levels generally follows an in-
verted U-shaped function; the lower performance associated
with very low and very high levels, and the optimal perfor-
mance with intermediate stress levels (see Figure 3(b)).
Neurobiologicalmechanisms
How could stress systems activated by the training experi-
ence aﬀect the learning rate? Whereas an immediate eﬀect of
noradrenergic systems in acquisition and performance can
be explained by their well-known actions in modulating at-
tention (Selden et al. [69]), explaining online actions of glu-
cocorticoids might not be so straightforward. Typically, glu-
cocorticoid actions were believed to be genomic, with ac-
tivated corticosteroid receptors being able to modulate the
transcriptionofalargenumberofgenes(BeatoandSanchez-
Pacheco [70]; Datson et al. [71]). Such eﬀects are of slow ap-
pearance, and therefore cannot explain the described diﬀer-
ences in performance throughout the massed spatial training
protocol due to diﬀerent stress conditions (water tempera-
tures). However, increasing evidence supports the existence
ofrapideﬀectsofglucocorticoidthroughnongenomicmech-
anism (Sandi et al. [72, 73]; Karst et al. [74]; for reviews see
Makara and Haller [75]; Dallman [76]; Tasker et al. [77]).
Glucocorticoids could rapidly modulate cognition through
their ability to rapidly enhance extracellular glutamate lev-
els,asshowninthehippocampusandprefrontalcortex,both
during stress (Lowy et al. [78]; Moghaddam et al. [79]) and
following a peripheral injection of corticosterone (Venero
and Borrell [80]). In connection with these fast actions of
corticosterone on glutamate release, Karst et al. [74]h a v er e -
cently reported that stress levels of corticosterone, by inter-
actingwiththemineralocorticoidreceptor(MR),canrapidly
enhance the frequency of miniature excitatory postsynaptic
potentials in hippocampal CA1 pyramidal neurons and to
reduced paired-pulse facilitation. Given that the MRs have
been traditionally regarded as the mediators of tonic actions
ofglucocorticoids,itisimportanttomentionrecentevidence
suggesting that MR protein expression in the brain can be
rapidly regulated by changes in corticosteroid levels (Kalman
and Spencer [81]). In addition, some of the rapid glucocor-
ticoid actions can also be mediated through interactions of
glucocorticoidmetabolitesonthegamma-aminobutyricacid
(GABA) system (Str¨ omberg et al. [82]).
In addition, the intriguing possibility that glucocorti-
coids couldalso rapidly aﬀectthedensity andmorphology of
dendriticspinesinCA1pyramidalneuronswithin1hourhas
been recently put forward (Komatsuzaki et al. [83]). Den-
dritic spines are essential for information processing, and
therefore for memory formation. Because the presence of
the protein synthesis inhibitor cycloheximide did not block
the eﬀect of the synthetic glucocorticoid dexamethasone, the
authors suggest that such rapid morphological changes are
probably nongenomic. Moreover, this study presented evi-
dence for the localization of the classical GR in synaptoso-
mal fractions enriched in postsynaptic membranes, suggest-
ing a possible action site of dexamethasone at spines. How-
ever, these ﬁndings were obtained in hippocampal slices, and
therefore the validity for the in vivo situation still remains to
be established.
4. THE IMPACT OF ACUTE EXTRINSIC STRESS ON
MEMORY FUNCTION
We will deal here with those situations in which stress ex-
perienced by the individual is not related to the cognitive
task, but is elicited by other circumstances happening either
before or after the mnemonic experience (i.e., stress comes
from “the outside world”). This condition, that we term ex-
trinsic stress, resembles the concept of “out-of-the-learning
context” proposed by other authors (de Kloet et al. [2]; Jo¨ els
et al. [8]). At diﬀerence to intrinsic stress for which there
were not studies exploring the contribution of chronic con-
ditions, there are many examples in the literature devoted
to explore the eﬀects of extrinsic stress, both for acute and
chronic conditions. Therefore, we will deal with these two
very diﬀerent phenomena in separate subsections, starting
here with those referring to acute extrinsic stress. As we did
for intrinsic stress, we will ﬁrst consider which of the factors
selectedforthecurrentanalysis(seeabove)accountforacute
extrinsic stress conditions.
(a) Stressor duration: as noted above, both acute and
chronic situations are well documented in the litera-
ture. In this subsection, we deal with acute stress.
(b) Stressorintensity:although,hypothetically,theimpact
of a range of stressor intensities on cognitive perfor-
mance could be studied, most reports that investigated
extrinsic stress conditions generally just apply a sin-
gle stressor intensity. Whenever possible, we will grade
the stressor intensities delivered by the studies accord-
ing to the same range as above: low, medium, high,a n d
very high.
(c) Stressor timing with regard to memory phase: extrin-
sicstresscanbedeliveredeitherbefore(acquisition)or
after (consolidation) learning,o rb e f o r eretrieval.F o r
Pavlovianconditioning,thereareexamplesintheliter-
aturerelatedtoacquisitionandconsolidation,whereas
for spatial learning the available examples are relatedC. Sandi and M. T. Pinelo-Nava 9
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Figure 4: Impact of “acute extrinsic” stress on memory function. Figures representing how extrinsic stress can aﬀect the linear-asymptotic
(a)andinvertedU-shape(b)relationshipsdependingontheintrinsicstressofeach ofthelearningtasks.Notethat,according totheavailable
knowledge in the literature, this model accounts for the “acquisition” of Pavlovian conditioning (a) and for the “retrieval” of spatial infor-
mation (b). In both conditions, extrinsic stress is proposed to displace to the left the relationship between stressor-related relationship and
performance (however, this displacement in the case of the inverted U-shape in (b) has only been described for the right part of the curve).
to acquisition and retrieval. We will review below each
of these memory phases separately, as appropriate.
(d) Learning type: we will deal with examples for both
Pavlovian conditioning and spatial learning.
Summarizing, in this subsection, we will evaluate how acute
stress (at diﬀerent intensities) experienced outside the learn-
ing challenge aﬀects memory (both implicit and explicit
types of memory) function.
4.1. Effectsofacuteextrinsicstressonthe
acquisitionofinformation
4.1.1. Pavlovianconditioning
There are many examples in the literature in which prior ex-
p o s u r et oa c u t es t r e s sa ﬀects subsequent learning in Pavlo-
vian conditioning tasks. The topic has been addressed re-
cently in several reviews (Shors [9, 27]).
Shors and collaborators have extensively illustrated that
stress experienced before training consistently facilitates eye-
blink conditioning in male rats of diﬀerent strains (Shors
et al. [84] ;S e r v a t i u sa n dS h o r s[ 85]; Shors and Servatius
[86]; Wood and Shors [87]; Beylin and Shors [11]; Shors
[88]). Interestingly, stressors of medium intensity displayed
no eﬀect on conditioning, with high-to-very-high stressful
conditions, (typically a restraint-tailshock procedure, unpre-
dictableanduncontrollable,adaptedfromthe“learnedhelp-
lessness” paradigm) being required to potentiate this learn-
ing process (Shors and Servatius [86]; Beylin and Shors
[11]).Theenhancementoflearningbyprioracutehighstress
was observed during classical eyeblink conditioning of both
hippocampal-dependent and independent learning tasks. It
could be triggered within minutes of the stressful event and
lasted for days.
Acquisition of fear conditioning has also been shown to
be highly susceptible to modulation by prior stress expo-
sure. Prior shock exposure has been shown to greatly en-
hance subsequent contextual fear conditioning in a diﬀer-
ent context (Fanselow and Bolles [89]; Fanselow et al. [90]).
Likewise, previous exposure to an acute restraint session in-
creasedcontextualfearconditioning(Corderoet al.[91];Ro-
driguez Manzanares et al. [92]). Moreover, using the BALBc
strain of mice, Radulovic et al. [93] showed that restraint
stress, in addition to its facilitating eﬀects in contextual con-
ditioning, it also enhances auditory-cued fear conditioning
processes.
Conclusions
Therefore, high extrinsic stress facilitates Pavlovian fear
conditioning. Although a systematic study should be per-
formed, we propose that extrinsic stress shifts the dose-
dependent impact of the unconditioned stimulus to the left
(see Figure 4(a)).
Neurobiologicalmechanisms
The enhancement of both types of Pavlovian learning dis-
cussed here, eyeblink conditioning (Beylin and Shors [94])
and fear conditioning (Cordero et al. [91]), involves gluco-
corticoids. In the eyeblink conditioning task, endogenous10 Neural Plasticity
glucocorticoidswereshowntobenecessaryandsuﬃcientfor
transiently facilitating acquisition of new associative memo-
ries, and necessary but insuﬃcient for persistently increasing
their acquisition after exposure to acute stress (Beylin and
Shors [94]). In the contextualfear conditioning task, animals
that had been previously submitted to a single restraint ses-
sion showed increased corticosterone levels following train-
ing, which suggested that increased glucocorticoid release at
training might be implicated in the mechanisms mediating
the memory facilitating eﬀects induced by prior stress expe-
riences (Cordero et al. [91]).
Anxiety mechanisms have also been related to the en-
hancing eﬀects of prior stress in Pavlovian conditioning. Re-
cent evidence provided by Bangasser et al. [95] implicated
the bed nucleus of the stria terminalis (BNST) in the facil-
itating eﬀects induced by stress in eyeblink conditioning. In-
terestingly, in humans, high degrees of trait or state anxiety
have also been linked with increases in eyeblink conditioning
(reviewed by Shors [9]). In the restrain stress-induced facil-
itation of fear conditioning, changes in GABAergic mecha-
nisms in the amygdala have been implicated, that is, stress
was shown to induce an attenuation of inhibitory GABAer-
gic control in the BLA, leading to neuronal hyperexcitability
and increased plasticity (Rodriguez Manzanares et al. [92]).
4.1.2. Spatiallearning
The same acute stress procedure that was repeatedly shown
by Shors et al. (see above) to facilitate eyeblink condition-
ing was found not to have any eﬀect in performance during
learning in the Morris water maze (Warren et al. [10]; Healy
and Drugan [96]; Kim et al. [97]) (but note that in one of
these studies, animals were subsequently impaired in their
retention levels for the platform location (Kim et al. [97])).
Similarly, exposure to cat stress before training did not af-
fect the rate of acquisition of platform location in a radial
arm water maze (Diamond et al. [98]) (but note again that
this pretraining stress resulted in impaired spatial memory
when tested 24 hours later). Furthermore, this lack of eﬀect
does not seem to be restrictive to stressful water maze tasks.
By using a nonspatial object-recognition memory task and
the same inescapable restraint and tail-shock stress proce-
dure as mentioned above, similar results have been reported
by Baker and Kim [99]. Rats stressed before being exposed to
the task showed normal memory when tested 5 minutes af-
ter ﬁrst exposure to objects, but were impaired when tested 3
hoursafterwards.Controlratsdisplayapreferenceforanovel
object (over a familiar one) when they are tested at diﬀerent
time delays (5 minutes and 3 hours). As opposed to these
unstressed controls, at the 3-hour posttraining test, stressed
animals spent comparable time exploring novel and familiar
objects.
However, we should mention that work in mice has
pointed out the importance of individual diﬀerences in the
impact of acute extrinsic stress on spatial learning. Francis
et al. [100] evaluated the eﬀect of daily exposure to uncon-
trollable footshocks before spatial orientation. They found
that such treatment did not aﬀect the acquisition or perfor-
mance of this response in three strains (DBA/2J, C57BL/6J,
BALB/cByJ), but provoked a modest disruption of reversal
performance in DBA/2J mice and markedly impaired rever-
sal performance in BALB/cByJ mice. The authors empha-
sized the importance of individual diﬀerences in the sus-
ceptibility to stress and speculated that uncontrollable stress
would not disturb response-outcome associations, but may
induce a perseverative response style. Therefore, a potential
eﬀect of stress in reversal learning cannot be neglected.
Conclusion
Learning new spatial associations (i.e., when an individual is
confronted for the ﬁrst time to ﬁnd a reward in a particu-
lar spatial setting) is a process highly resistant to the eﬀect
of prior stress (even when involving high to very high stress
conditions). However, the more ﬂexible process of reversal
learning (i.e., when there is a change in the location of a re-
ward in a particular spatial setting, from a former place to
a new one, and the individual is then confronted to reverse
the strategy) to ﬁnd a reward seems to be more vulnerable to
disruption by prior stress.
4.2. Effectsofacuteextrinsicstressonthe
consolidationofinformation
4.2.1. Pavlovianconditioning
There are only a few examples in the literature focusing
on the impact of posttraining acute stress on consolidation
of Pavlovian conditioning, and the results are less homoge-
neous than for acquisition.
Using the eyeblink conditioning paradigm in rats, Beylin
and Shors [11] showed that the same high intensity stres-
sor that facilitates conditioning when applied before training
does not inﬂuence further retention levels when it is deliv-
ered after animals have been conditioned.
Social isolation stress given immediately after training
rats in the contextual fear conditioning task impaired sub-
sequent retention levels (if given up to 3 hours after train-
ing, but not at 24 hours) (Rudy [101]; Rudy et al. [102]),
but did not have any eﬀect if applied to the auditory fear
conditioningparadigm(Rudy[101]).However,auditoryfear
conditioning was facilitated by the administration of mild to
medium intensity stressors (handling or subcutaneous vehi-
cle injection) after training (Hui et al. [103]).
Retention levels for a particular type of classical condi-
tioning paradigm, the conditioned taste aversion task (Gar-
ciaet al.[104];Bermudez-Rattoni[105]),werealsoshownto
be inhibited if a high stressor (forced swim) is given shortly
after conditioning (Bourne et al. [106]).
Conclusion
The lack of homogeneity in the very few available studies for
this category does not allow formulating any conclusions for
the impact of posttraining extrinsic stress in Pavlovian con-
ditioned memories.C. Sandi and M. T. Pinelo-Nava 11
4.3. Effectsofacuteextrinsicstressonthe
retrievalofinformation
4.3.1. Spatiallearning
A series of experiments has presented evidence for impairing
eﬀects of stress when it is given during a brief delay period
between the acquisition of information and a subsequent
retrieval challenge. Such delay normally lasts between 30
minutes and 4 hours, and therefore stress during such pe-
riod can be inﬂuencing a variety of mechanisms, includ-
ing consolidation, short-term memory, and retrieval. Using
both conventional (Diamond et al. [107]) and water (Dia-
mond et al. [108]; Woodson et al. [109]; Sandi et al. [110])
radial arm mazes, Diamond et al. have consistently shown
that stress applied during such delay period interferes with
subsequent retrieval of the previously acquired information.
In most of their studies, the stressor applied was exposure of
rats to a cat that, therefore, can be considered of high or very
high intensity.
The same treatment was also eﬀective to inhibit recall
when it was given just immediately before the 24-hour mem-
ory test trial (Diamond et al. [98]). This ﬁnding ﬁts with
previous work in the Morris water maze, in which exposure
to brief shocks 30 minutes, but not 2 minutes or 24 hours
before testing (de Quervain et al. [111]). The same delete-
rious eﬀect in retrieval of spatial information was observed
by injecting corticosterone 30 minutes before retention test-
ing (de Quervain et al. [111]). Further studies indicated that
the impairing eﬀects of glucocorticoids on retrieval of long-
term spatial memory depend on noradrenergic mechanisms
inthehippocampus,andmoreover,thatneuronalinputfrom
the BLA (and particularly norepinephrine-mediated BLA ac-
tivity) is essential for the hippocampal glucocorticoid ef-
fects on memory retrieval to occur (Roozendaal et al. [112,
113]).
Convincing evidence indicates that the level of diﬃculty
of the task (memory load) is a critical factor in observing
the detrimental eﬀects of stress on retrieval processes. Using
the radial arm water maze, Diamond et al. [108] showed that
exposure to a cat during a 30-minute delay period between
training and testing for the platform location (the platform
was located in the same arm on each trial within a day and
was in a diﬀerent arm across days) had no eﬀect on memory
recall in the easiest RAWM, but stress did impair memory in
more diﬃcult versions of the RAWM. By lesioning the hip-
pocampus, the authors also conﬁrmed that the radial arm
water maze is a hippocampal-dependent task. In addition to
the importance of memory load (diﬃculty or memory de-
mand of the task), it seems that ﬂexible forms of memory are
particularly susceptible to show disrupted retrieval by stress,
as opposed to more stable ones that remain largely unaf-
fected (C´ el´ erier et al. [114]). This might reﬂect the diﬀeren-
tial susceptibility of diﬀerent memory systems to be aﬀected
by stress.
Evidence for impairing eﬀects of acute stress on subse-
quent/delayed retrieval has also been provided in humans,
with emotionally arousing material being especially sensi-
tive to this disruptive eﬀect (Domes et al. [115]; Kuhlmann
et al. [116]). As in animals, memory load is also an impor-
tant factor for stress-induced retrieval impairments in hu-
mans (de Quervain et al. [117]).
Conclusion
Theresultsreviewedhereindicatethatexperiencinganacute,
highlystressful,situationcaninterferewithinformationpro-
cessing linked to retrieval of previously (recently) stored in-
formation. Although there is no information with regard to
the impact of such extrinsic stress in tasks involving low in-
trinsic stress levels, we speculate that the inverted-U shape
for the relationship between intrinsic stress and spatial in-
formation processing (Figure 3(b)) will be displaced to the
left by the eﬀect of extrinsic stress (see Figure 4(b)). Thus ex-
trinsic stress would impair the retrieval of stressful spatial in-
formation (as described above), but would facilitate recall of
spatialinformationlinkedtolessarousingexperiences.How-
ever, the left part of the curve remains speculative, and we
cannot discard the other two possibilities of not ﬁnding an
eﬀect or even observing impaired spatial retrieval when ex-
trinsic stress is applied before spatial tasks involving low in-
trinsic stress.
4.4. Neurobiologicalmechanismsinvolvedintheacute
effectsofextrinsicstressonmemory
The great sensitivity of the hippocampus to the disrupt-
ing eﬀects of extrinsic stress in cognition is revealed by
the profound suppression of hippocampal synaptic plastic-
ity after acute exposure to stressors (Foy et al. [118]; Ben-
nett et al. [119]; Diamond et al. [120]; Alfarez et al. [121])
or increased glucocorticoids (Alfarez et al. [121]). A cru-
cial role for the medial temporal lobe (and the hippocam-
pus in particular) in mediating these stress-induced re-
trieval impairments is also supported by human neuroimag-
ing studies (de Quervain et al. [117]). In addition to the hip-
pocampus, there is also evidence that acute stress-induced
memory impairing eﬀects can also be mediated by ac-
tivation of dopaminergic (Murphy et al. [122]; Arnsten
and Goldman-Rakic [123]) and noradrenergic (Birnbaum
et al. [124]) transmissions in other structures known to be
involved in high-order (including working memory and ex-
ecutive function) processing, such as the prefrontal cor-
tex.
As to the potential molecular mechanisms, only a few
studies have been reported. Reduced expression of NCAM
in the hippocampus and prefrontal cortex after cat stress
exposure was recently described to correlate with stress-
induced retrieval deﬁcits in the radial arm water maze (Sandi
et al. [110]). These observations of a drastic reduction of
NCAM in stressed memory-impaired rats is consistent with
an increasing body of data indicating that NCAM is im-
portant for optimal circuit functioning and synaptic plas-
ticity (Kiss et al. [125]; Welzl and Stork [126]; Washboume
et al. [127]).12 Neural Plasticity
5. THE IMPACT OF CHRONIC EXTRINSIC STRESS ON
MEMORY FUNCTION
Prolongedexposuretostressisrecognizedasaconditionthat
can induce deleterious eﬀects on brain structure and cogni-
tion (McEwen [128, 129]), as well as increasing the risk to
develop neuropsychiatric disorders (Mazure [130]; de Kloet
et al. [131]; Nemeroﬀ et al. [132]).
Nowadays, the study of chronic stress is probably the
most popular in the ﬁeld of stress’ interactions with cog-
nitive function. In the vast majority (if not all) of studies
dealing with chronic stress, it is extrinsic stress, experienced
inaprolongedmanner,thatisstudied,andtherefore,mostof
the studies on chronic stress and memory fall into this def-
inition. As previously, we should start by deﬁning how the
above-mentioned factors account for chronic extrinsic stress
conditions.
(a) Stressor duration: in this subsection, we deal with
chronic stress.
(b) Stressor intensity: the contribution of this factor to the
impact of chronic stress has not being systematically
studied. When possible, we will try to estimate the
stressor intensity in the diﬀerent chronic stress pro-
tocols under discussion, according to the range used
above: low, medium, high,a n dvery high.
(c) Stressor timing with regard to memory phase: al-
though, in theory, one could imagine situations in
which chronic stress is experienced at diﬀerent times
with regard to the diﬀerent memory phases, virtu-
ally all studies in the literature applied stress proce-
dures before exposing animals to any cognitive chal-
lenge.Therefore,wewillgrouptheminthisreviewun-
der the subheading of acquisition of information, even
though all diﬀerent memory phases could still be af-
fected when stress is applied before learning.
(d) Learning type: we will deal with examples for both
Pavlovian conditioning and spatial learning.
Summarizing, in this subsection, we will evaluate how
chronic stress experienced before the learning challenge af-
fects memory (both implicit and explicit types of memory)
function.
5.1. Effectsofchronicextrinsicstressonthe
acquisitionofinformation
5.1.1. Pavlovianconditioning
To our knowledge, the impact of chronic stress in Pavlo-
vian conditioning in rodents has only been tested in fear
conditioning protocols. Chronic restraint stress has been
repeatedly shown to potentiate both contextual (Conrad
et al. [133]; Sandi et al. [134]; Cordero et al. [135]) and au-
ditory (Conrad et al. [133]) fear conditioning in rats. In all
cited cases, the chronic stress procedure applied can be con-
sidered of high stress intensity (restraint stress: 6h/day) and
was applied during 21 consecutive days. Shorter exposure
to chronic restraint stress (1 week) was ineﬀective to aﬀect
subsequent auditory fear conditioning; however, it impaired
fear extinction applied 24 hours after conditioning (Miracle
et al. [136]).
Conclusion
Chronic stress (high stressor intensity, 21-day duration)
seems to facilitate fear conditioning processes (Figure 5(a)).
Neurobiologicalmechanisms
In the facilitating eﬀect of fear conditioning induced by
chronic stress, corticosterone has been proposed to play a
mediating role (Conrad et al. [137]). At the neurobiologi-
cal level, increasing evidence at the cellular and molecular
levels suggests a connection between neuronal remodeling
in the amygdala and the development of anxiety-like be-
havior (Vyas et al. [138, 139]; Mitra et al. [140]), which ﬁts
with the role of the amygdala in emotional behavior and
fear (Phelps and LeDoux [141]). Restraint stress has been
reported to enhance anxiety, and also to cause an increase
in dendritic length and spine density in the BLA, but a re-
duction in the medial amygdala (Vyas et al. [138, 139]; Mi-
tra et al. [140]). At the molecular level, recent evidence in-
dicates that the serine protease tissue-plasminogen activator
(tPA) (a key mediator of spine plasticity which is also re-
quired for stress-induced facilitation of anxiety-like behavior
(Pawlak et al. [142])) plays a permissive role in the reported
stress-induced spine loss in the medial amygdala (Bennur
et al. [143]).
5.1.2. Spatiallearning
Since chronic stress was originally reported to damage hip-
pocampal structure (McEwen [128, 129]), the possibility
that chronic stress aﬀects hippocampal-dependent learn-
ing has been extensively tested over the past years. Chroni-
cally stressed male rats were shown to exhibit learning and
memory deﬁcits in a variety of spatial tasks, including the
radial-arm maze (Luine et al. [144]), the Y-maze (Conrad
et al. [56]), and the Morris water maze (Venero et al. [145];
Sandi et al.[146]).Similarly, psychosocial stressconsisting of
rats’ exposure to a cat for 5 weeks and randomly housed with
ad i ﬀerent group of cohorts each day was shown to exhibit
impaired learning and memory in theradial-arm watermaze
(Park et al. [147]). Reversal learning in spatial tasks, a cogni-
tive operation that in addition to the eﬃcient use of spatial
information requires ﬂexibility to relearn a new platform,
seems to be compromised following treatments involving
chronic (21–28 days) glucocorticoid elevations (Sandi [4, 5];
Cerqueira et al. [148]).
There is no consensus as to whether periods of stress ex-
posure shorter than the more or less standard protocol of 21
days would result in impaired learning. Luine et al. [149]r e -
ported that when restraint stress was given for 6h/day for 7
days and spatial learning in the eight arm radial maze was
evaluated on days 10–13 post stress, no eﬀect on perfor-
mance was noted; however, daily restraint stress for 13 daysC. Sandi and M. T. Pinelo-Nava 13
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Figure 5: Impact of “chronic extrinsic” stress on memory formation. Chronic stress potentiates fear conditioning (a) and impairs spatial
and reversal learning processes (b).
inducedamediumenhancementofperformanceondays10–
13poststress.Morerecently,Radeckiet al.[150]showedthat
chronic immobilization stress (2h/day × 7 days) in Long-
Evans rats signiﬁcantly impaired spatial performance in the
Morris water maze, elevated plasma corticosterone, and at-
tenuated hippocampal LTP.
Conclusion
Chronic stress (high stressor intensity, 3–5-week duration)
seems to impair spatial and reversal learning.
Neurobiologicalmechanisms
Given that the hippocampus was originally found to be a
main target of glucocorticoids and to be responsive to stress,
much work on the neurobiological impact of stress has fo-
cused on this brain region. The idea behind is that, to certain
extent, structural and molecular alterations (see below) in-
duced by chronic stress in this brain area will account for the
impairing eﬀects of stress in hippocampus-dependent mem-
ory tasks (notably including spatial learning). Moreover, re-
cent work is providing increasing evidence for parallel al-
terations induced by chronic stress in the prefrontal cortex,
which could account also for some of the behavioral alter-
ations described above and, specially, for stress-related im-
pairments in reversal learning.
Brieﬂy, cumulative work indicates that chronic stress
markedly aﬀects the hippocampal morphology. Stress and
high glucocorticoid levels can suppress neurogenesis in the
dentate gyrus (Gould and Tanapat [151]) and compromise
cell survival (Sapolsky [152]). In the CA3 area, chronic stress
has been shown to result in the following structural alter-
ations: (i) dendritic atrophy of apical pyramidal neurons
(Watanabe et al. [153]; Magari˜ nos and McEwen [154]); (ii)
synaptic loss of excitatory glutamatergic synapses (Sousa
et al. [155]; Sandi et al. [146]); (iii) a reorganization at the
microstructural level within mossy ﬁbre terminals (Mag-
ari˜ nos et al. [156]); (iv) a reduction in the surface area of
postsynaptic densities (Sousa et al. [155]); and (v) a marked
retractionofthornyexcrescences(Stewartet al.[157]).Inthe
CA1 area, the structural changes reported after chronic stress
include(i)ageneraldecreaseofthedorsalanteriorCA1area’s
volume (Donohue et al. [158]); (ii) alterations in the lengths
of the terminal dendritic segments of pyramidal cells in rat
CA1 (Sousa et al. [155]); and (iii) an increase in the surface
area of the postsynaptic density and volume in CA1 stratum
lacunosum moleculare (Donohue et al. [158]).
Intriguingly, recent studies have suggested that spatial
memory deﬁcits may arise from HPA axis dysregulation fol-
lowing hippocampal damage, rather than being a direct ef-
fect of hippocampal injury. Thus, spatial memory deﬁcits
following CA3 hippocampal lesion could be prevented with
a single injection of metyrapone, a corticosterone synthesis
blocker, just before performance in the water maze (Roozen-
daal et al. [159]). Furthermore, the deleterious eﬀects in-
duced by a 21-day chronic restraint stress procedure in the
Y-maze have been proposed to depend on corticosterone el-
evations at the time of behavioral assessment, since impaired
performance was inhibited by pretesting metyrapone injec-
tions (Wright et al. [160]).
As to the prefrontal cortex, major neuronal remodel-
ing occurs in its medial part as a consequence of chronic
stress or prolonged glucocorticoid treatment, including den-
dritic atrophy (Wellman [161]; Cook and Wellman [162];14 Neural Plasticity
Radley et al. [163]; Liston et al. [164]) and spine loss
(Cerqueira et al. [148]; Radley et al. [165]) in layers II/III.
Finally, given that the amygdala can exert important
modulatory actions in hippocampus-dependent memory
tasks (McGaugh [36]), further studies are needed to as-
sess whether sensitization of amygdala activation induced by
chronic stress (see above) might also participate in the re-
ported spatial memory impairments.
At the molecular level, a large list of molecular mech-
anisms appears to contribute to the impairing actions of
stress in brain structure and cognitive function. They in-
clude excitatory amino acids and a variety of signal trans-
duction pathways, neurotrophic factors, and cell adhesion
molecules (Sandi [4, 5]; McEwen [128]; Sapolsky [152];
Molteni et al. [166]).
6. DISCUSSION AND CONCLUSIONS
The results reviewed here emphasize the great importance of
integrating diﬀerent factors into a model of stress actions in
memory formation. The ﬁve factors proposed and analyzed
(see Section 2)s e e mt ob ec r i t i c a lt od e ﬁ n et h eo u t c o m eo f
stress eﬀects in memory processes.
The factor source of stress, distinguishing between in-
trinsic and extrinsic stress is the key to understand the com-
plexity of eﬀects and mechanisms involved. Intrinsic stress
facilitates memory consolidation processes, whereas the ef-
fect of extrinsic stress in memory consolidation seems to
be quite heterogeneous, and therefore, specifying the source
of stress helps clarifying the claimed diﬀerential eﬀects of
stress/glucocorticoids in memory consolidation versus re-
trieval (Roozendaal [20]).
A second highly critical factor is the learning type under
study, with high stress (both intrinsic and extrinsic) consis-
tently facilitating Pavlovian conditioning, while high-to-very-
highstressgenerallyimpairingtheprocessingofspatialinfor-
mation (or relational and explicit types of learning). The lat-
terproposal(i.e.,thathigh-to-very-highstressimpairslearn-
ing) is quite controversial since some researchers criticize the
simplistic view that stress impairs learning by noting that
the physiological stress response is a mechanism to optimize
survival, and they propose that it is the behavioral strategy
that changes under high stress conditions (de Kloet et al. [2];
Jo¨ els et al. [8]). Although we basically agree with such inter-
pretation, we should also recognize that when spatial learn-
ing/retrieval is under study, high-to-very-high stress condi-
tions result in impaired performance in this type of tasks. It
would be interesting to investigate whether such deleterious
eﬀect is in beneﬁt of a facilitation of alternative learning (no-
tably, emotional learning) types.
The factor “stressor intensity” is useful and allows mak-
ing interexperiment comparisons. It also helps understand-
ing how diﬀerent magnitudes of challenge interact with cog-
nition. Whereas the whole grading of stressor intensities is
important to deﬁne the impact of intrinsic stress (see, e.g.,
Figure 3), it is high stress conditions which are particularly
eﬀective and representative of the impact of extrinsic stress
in memory function.
The factor stressor timing with regard to memory phase
is also critical, as we concluded that diﬀerent memory phases
show diﬀerent vulnerabilities to stress. Although this was
noted in many instances, a clear example is the susceptibil-
ity of Pavlovian conditioning to be facilitated when extrin-
sic stress is given before learning, but not afterwards (see
Figure 4(a)), whereas it is the retrieval phase of spatial learn-
ing which seems to be particularly vulnerable to the impact
of (acute) extrinsic stress.
Finally, the factor “stressor duration,” distinguishing be-
tween acute and chronic stress situations, although it give a
similar outcomewhenobserving its impact in memory func-
tion (cf. Figures 4 and 5), it makes a clear contribution when
we talk about performance during “acquisition” of informa-
tion. Whereas chronic extrinsic stress frequently has an im-
pact on spatial learning, acute extrinsic stress normally does
not aﬀect spatial learning, but has been revealed to be more
eﬃcient to disturb retrieval.
Given the importance of other factors already mentioned
throughout the review, such as the amount of eﬀort/load in-
cluded in the information processing (Diamond et al. [108];
C´ el´ erier et al. [114]), or individual diﬀerences in person-
ality or other stress-relevant factors (Touyarot et al. [167];
M´ arquez et al. [29]), future integrative attempts should be
directed to analyze and integrate these or other factors with
the ﬁnal goal of developing an integrative and reliable model
that accounts for the whole complexity of stress interactions
with cognition.
Summarizing on those conditions in which we have
enough information to compare the integrated impact of
the diﬀerent factors analyzed, we could conclude that high
stress levels, whether intrinsic or extrinsic, tend to facili-
tatePavlovianconditioning(inalinear-asymptoticmanner),
while being deleterious for spatial/explicit information pro-
cessing (which with regard to intrinsic stress levels follows an
inverted U-shape eﬀect). We consider this integrative model
more explanatory than classiﬁcations performed among in-
dividual factors (see Section 1).
As to the neurobiological mechanisms, a common ob-
servedfeatureseemstobeakeyroleofglucocorticoidsinme-
diating both the facilitating and impairing actions of stress
in diﬀerent memory processes and phases. Among the brain
regions implicated, the hippocampus, amygdale, and pre-
frontal cortex were highlighted as critical for the mediation
of stress eﬀects. Further work is needed to develop a mech-
anistic explanatory model at the neurobiological level that
accounts for the diﬀerent interactions and factors discussed
above.
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